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MEASUlIEMEKT OF ABERRATIONS O F  PHOTO- 
GRAPHIC LENSES. 
BY S. D. CHALMERS, M.A. 
React before t h e  Optical Society, March 29th, 1906. 
THIS paper deals with the measurement of the aberra- 
tions of photographic lenses from the point of view of the 
designer, and so will not deal with such methods as give 
the performance of the lens without furnishing nunieri- 
cal estimates of its aberrations. 
In the first place it is important to be able to compare 
the actual performance of a lens with the numerical 
measure of its aberrati,ons in order to obtain the limits 
of error permissible in the various aberrations when cal- 
culating a system. Again, the verification of the aber- 
rations of a system by trigonometrical calculation is very 
laborious, and may frequently be avoided i f  it is pos- 
sible to make the lens and measure its aberrations. 
It is thus evident that there are considerable ad- 
vantages in measuring the aberratijons of a photographic 
lens, provided the results can be SO expressed as to give 
the same results as would be given by calculation, and 
i t  be possible to deduce aberrations at intermediate 
points of field, o r  aperture, from the actual measure- 
ments. 
The theory of aberrations shows that t o  the first ap- 
proximation the performance of a system may be repre- 
sented (omisting chromatic effects) by five aberrations, 
generally described a8 spherical aberrations, coma, astig- 
matism, curvature of field, and distortion. These aber- 
rations may be expressed as absolute or relative aberra- 
tions, the latter being pure numbers indicating the cor- 
rection of the system. For a detailed discussion of the 
expressions of these aberrations and their relation to 
87 
one another, a paper by Dr.  Drysdale, at  the Optical 
Conventiont, may be referred to. 
For our present purpose it is important to note that 
of these first order aberrations, the spherical aberration 
varies as A3, thecoma as A2 tan 8, the astigmatism and 
curvature of field as A t an  28, and the distortion as tan 
38, where A represents the aperture ratio and 8 the semi- 
angle of field considered. 
But though the aberrations of the single lens may be 
regarded as approximately equal to the first order aber- 
rations and so be analysed in the way indicated above, i t  
must be remembered that in practical systems the first 
order aberrations have been approximately balanced, 
while those of the second order have been left to take 
care of themselves, with the result that, in most practi- 
cal systems, the second order aberrations bear a very 
much larger ratio to the first order than they do in single 
lenses, and that  a small change in  the system will have 
a considerable effect on the first order aberrations, and 
very little on the second. 
Thus, although the seoond order aberrations are not 
proportional to  the aperture and field in the same way 
as those of the first order, it is frequently convenient to 
represent them in the same way, indicating them by the 
first order aberration which would produce the same 
effect a t  full aperture or  full angular field, because the 
best correction of the second order aberrati,ons is gener- 
ally produced by leaving a first order aberration of this 
amount, but of opposite sign, to balance the effects of 
the second order aberration. 
But, while this representation is convenient for many 
purposes, i t  is frequently very important to  be able t o  
obtain the “ r u n ”  of the aberration throughout field or  
aperture as well as the amount of its greatest value. 
Two methods of representation have been proposed- 
both graphical. In the first, the aberrations expressed 
as longitudinal or lateral aberrations are represented by 
the ordinates of a curve, as in  von Rohr “Die Photo- 
graphischen Objective,” where the spherical aberration 
and the astigmatism and curvature of field, obtained by 
calculation, as longitudinal aberrations, are so repre- 
t Dr. C. V. Drysdale, Measurement of Aberrations. 
Proc. Optical Convention, 1905. 
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sented. In the other method, described before the Opti- 
cal Convention$, the lateral aberrations for certain 
chosen rays obtained by calculation or measurement, are 
indicated by the distance between two  points, the posi- 
tion of the ray as regards the axis being indicated by 
the position of one of these p i n t s  (or, where aberrations 
are large, the mean of the two points). This method has 
the advantage that  any defect due to- the combination of 
two aberrations is apparent, while the effect of each por- 
tion of the aperture for any chosen field can be seen from 
the diagram, whereas, in the method generally used the 
astigmatism and curvature must be calculated for a 
specified aperture, and change of aperture will fre- 
quently aflect the form of the curve. 
In using these graphical representations it is neces- 
sary to arrange the methods of measurement so that the 
results are readily expressible in the desired form. 
FIG. 1. 
For practical measurements there 
methods depending on- 
are three principal 
(1) The measurement of the size of the image formed 
on the focal plane, accompanied by some estimate of the 
distribution of light in this image. 
(2) The determination of the positions of best focus for 
suitable objects. 
(3) The evaluation of the. positions in which specified 
sample rays cross the focal plane or any plane parallel 
to it. 
The first of these methods gives most information as 
to the actual performance of the system under the given 
conditions. But it is very difficult to differentiate b e  
tween good lenses, or to obtain a numerical estimate of 
the performance of the lens. It is quite unsuited for 
~ ~~~ 
t S. D. Chalmers, Aberrations. Proc. Optical Con- 
vention, 1905. 
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testing the performance of pnrtinl systems not completely 
corrected. 
Agnin, i t  i s  practically impossilrle to determine the 
cnuso of given defects nnd so furniHh the information 
the designer wants, while the choice of focus depends 011 
the personnl equntion of the observer, and the  measure 
ments give no means of estimnting the effects of an 
alteration of focus. 
The second method nvoids this lnst difficulty ; it gives 
Rome information to the designer as to the cause of 
errors, but it does not give, except under unjustifiable 
nssumptions, n means of obtaining the actual perform- 
nnce. It is defective because tltere is i n  general no 
definite sharply defined focus even for a series of parallel 
lines, nnd i t  is frequently possible to choose two positions 
Fro. 2. 
of focus 60 far apar t  that  one estimate of the nherrn- 
tion is twice the  other. This may be specinlly marked 
for large apertures a t  moderate angles of field. 
In both methods the results, when obtnined, are  suit- 
able for expression as curves; in the first the lateral, in 
the  second the  longitudinal aberrations being the ordin- 
ates of the curves. 
In the t h i r d  method the performance of the s p  
tem is not given directly, and i t  can only be de- 
duced from t h e  aberrations ns mensured. but it cnn 
be made to show first order nnd second order aberrations 
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separately; i t  shows the effects of combined aberrations 
of the second order. It gives the coma both of first and 
second orders with an accuracy unattainable by other 
methods. It is suitable even for totally uncorrected 
systems, and its results are  a t  once expressible in the 
diagrammatic form indicated above. 
It nom remains to describe the actual methods em- 
ployed in obtaining the measurements according to each 
of these principles, and the apparatus and methods in 
use a t  the Northampton Institute will be tal- Len as con- 
venient illustrations. 
TESTIXG METHODS IN USE AT THE NORTHAMPTON INSTI- 
TUTE.-For all measurements the Beck lens testing bench 
is used. When the lens is to be used for near objects 
the standard test of the bench* is used, but for lenses 
to be tested on distant objects we employ the special 
swinging test, in which the image is examined on the 
focal plane or the small departures of the best focus from 
that  plane are directly measured. 
It may be interesting to see how this test was devised. 
When the lens-testing equipment of the Northampton 
Institute was being specified it occurred to me that  the 
troublesome reductions of the ordinary tests might be 
avoided i f  the measurements could be made from the 
proper point on the focal plane and not from a fixed 
point. The original intention was to place a test object 
on the focal plane and to examine this object by the 
lens and a telescope, observing the focusing motion, either 
in the telescope o r  lens, necessary to obtain best general 
focus, or the best focus for special lines of the test 
object. But  difficulties of illuminating the object evenly 
and satisfactorily caused Mr. Horace Beck t o  reverse the 
test by placing a microscope on the bar  in  such a way 
that it remained focused on the focal plane of the lens 
when the lens was rotated about a vertical axis. The 
convenience of this test is so great tha t  it has become 
the standard test for lenses which a re  used for distant 
objects. 
In using this test the lens is screwed into the lens 
holder, the observing microscope is brought to a standard 
position, the plate carrier racked till the image of the 
~~ 
* Photographic Lenses. Beck and Andrews. Appen- 
dix. 
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dist,ant object is sharply focused, The lens holder is 
swung about the vertical axis and the whole of the car- 
rier racked till the image comes back to its original posi- 
tion in the field of the microscope. On swinging the 
lens the image should be practically stati,onary, and a 
very slight adjustment enables the nodal point to be set 
exactly above the axis of rotation. The distance from 
the centre of rotation to  the plate carrier can be read off 
on a suitable scale and gives the equivalent focal length. 
SPRERICAL ABERRATION.-TO measure the spherical 
aberration the focusing positions for different zones may 
be measured by the aid of a set of patch stops, but it is 
more convenient to measure the diameter of a patch of 
light which is obtained when a small circular aperture 
of known dimensions is used as source (where light is a 
consideration the aperture may be of considerable size 
and the difference between the theoretical and observed 
size noticed). For this and similar measurements the 
microscope is provided with a micrometer eye-piece read- 
ing to .1 mm., and corresponding to 1/150 mm. wi th  the 
objective usually employed. 
Cox&.-This aberration is shown by a one-sided ap- 
pearance of the image, but,it is not possible, in the ordin- 
ary way, to obtain a numerical estimate of the coma, 
because the figure seen is invariably complicated by the 
presence of astigmatism and curvature of field, and the 
complicated effects of combinations of these aberrations 
render analysis difficult, and the use of objects giving 
finite images would still further complicate the reduc- 
tions. 
no coma (as is the case in most double symmetrical sys- 
tems), the astigmatism and curvature of field could be 
deduced from measurements of the diameters of the 
elliptic patch on the plate, or  from the measurements of 
the best focusing positions for horizontal and vertical 
lines. But in practice there is considerable latitude in  
thechoice of the position of best focus, because the pre- 
sence of spherical aberration at  any angle causes por- 
tions of the aperture to  give good foci in different places. 
I n  spite of these difficulties, however, it is possible to 
obtain sufficiently accurate results for systems of the 
same type, to enable us t o  compare the performance of 
an  individual member with the standard by either of 
ASTIGMATISM AND CURVATURE OF FIELD.-If there were 
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th&e methods. Thus, for manufacturing purposes i t  is 
unnecessary tx use more elaborate tests, except for is0 
lslted samples. 
DISTORTION is most conveniently estimated by the 
actual movement, in the field of the microscope, of the, 
image when the lens is swung. (This presumes great ac- 
curacy in the apparatus.) 
THE HARTMANN TEsT.-Thie method, which was d e  
vised by Professor Hartmann, has been described by him 
in the ' Zeitschrift fur  Instrumentenliunde,'t and by the 
author in the Proceedings of this Society and elsewhere.$ 
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The author's modifications of this method have been 
directed to  the simplification of the measurements df the 
photographs taken in  acmrdance with Hartmann's 
method, and the expression of the results i n  diagram- 
matic form. In  order that  this diagram may be suitable 
for the deduction of the first and second order aberrations 
as separate quantities it is necessary that  the diaphragm 
should be reasonably well centred and symmetrical about 
1. ' Zeitschrift fur  Instrumentenkunde,' translated by 
the OPTICIAN AND PHOTOGRAPHIC TRADES REVIEW. 
$ Proc. Optical Society, 1904. Journal of the Royal 
Photographic Society, March, 1905. 
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the asis, and should be in the plane of the effective stop. 
For lenses to be tested on distant objects a collimator is 
used and the lens rotated about a vertical axis, which is 
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FIG. 3-(Continued.) 
for convenience made to coincide with the nodal point 
of the lens. (Where the collimator is in any way defec- 
tive it would be preferable to arrange to rotate the lens 
about a vertical axis passing through the “entrance 
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pupil” of the lens, i.e., the image of the stop in the front 
medium-in double symnietrical systems the front nodal 
point.) 
In ordinary practice the swinging test fixture of the 
Beck bench is used, the position of best central focus 
determined and the two series of photographs taken from 
2 t o  3 cm. inside and outside focus-the two distances 
being made as exactly equal as possible. When an arc 
lamp is used to illuminate the collimator aperture, ap- 
proximately 1 min. diameter, the exposures necessary 
are less than 1 second, though a considerable amount of 
overexposure is desirable, as this brings out the diffrac- 
tion rings and makes the photographs easier to  measure. 
The Shp employed is usually made of brown paper or 
thin metal, the apertures being stamped; it is usual to 
arrange the apertures in four lines, horizontal, vertical, 
and at  4 5 O ,  giving eight apertures in a ring of 6 mm. 
diameter, and as many rings as possible, each diameter 
being 6 n u n  greater than the one preceding.” Fig. 1 
shows the contact print of an actual stop, and fig. 2 the 
photographs taken with this diaphragm. These photo- 
graphs have been enlarged 5 times, to show the detail 
of the photograph and the sharpness with which the spots 
are defined. 
The photographs so obtained must be enlarged for 
coinparison purposes, but it is found convenient to draw 
out  the centre of each of the spots by the aid of a micro- 
scope and camera lucida, the magnification being from 
30 to 50 diameters; i t  is found convenient to obtain as 
much as possible of this magnification by projecting the 
image as far as possible, as this enables a larger field to 
be conveniently seen and illuminated. When one dia- 
gram has been drawn off completely, the other photo- 
graph is reversed, and its image made to overlap the cor- 
responding diagram ; the di’stance between the corre- 
sponding points, then, represents the lateral aberration 
on a scale of 2 m.: 1 or, i f  the two photographs are 
differently magnified, i.e., a focus different to that 
selected visually decided upon, m, + m2 : 1. Fig. 3 is 
a complete diagram for a good anastigmat in which the 
original magnifications were each 35, and so reduced 
* For smaller lenses 5 mm. or even 4 mix. intervals 
are preferable. 
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that  the lateral aberrations are represented on the scale 
of 24: 1. 
These illustrations show that  the aberrations are  dia- 
grammatically represented as described above ; the cub 
t ing off is shown and the aperture ratio t o  which the 
various rings correspond given by their diameter 
divided by m times the distance between the photo- 
graphs. 
In  the central photographs the two diagrams coincide 
within the limits of error in  drawing, but at  10' a con- 
siderable amount of coma is noticeable, while a sniall 
amount of astigmatism can be seen; the exact amounts 
are difficult to  measure because of the coinparativelg 
small magnification of the drawing in this special case. 
In order to express the aberrations in  the form of 
curves, the astigmatism can be deduced as a lateral alser- 
ration by considering the outside apertures for  the verti- 
cal and horizontal lines, the sum of the aberrations for 
the vertical gives the vertical diameter of the image of 
a point, while the horiaontal give the horizontal 
diameter, and from these two quantities the astigmatism 
and curvature for the aperture and field considered may 
be deduced. It is, however, important t o  note tha t  for 
any special aperture the effect of spherical aberration 
and of curvature of field are identical, and it is neces- 
sary to consider either different angles of field or different 
apertures before these effects can be differentiated. 
It is important to note that  any difficulties of this 
kind will apply t o  the results of calculation (by trigono- 
metrical methods) equally with the measurement results. 
Thus, this method of measurement and representation 
makes the results strictly comparable with the results 
of trigonometrical calculations, and give all the desired 
information about the lenses. 
